The majority of severely ill patients experience dry mouth. For institutionalized patients, this condition is commonly treated using glycerol as a lubricant. However, because of its possibly desiccating effect, some countries do not advocate the use of glycerol. This study aimed to investigate dose-dependent effects of glycerol on homeostasis and tissue integrity of in vitro-reconstructed normal human buccal mucosa (RNHBM). Primary keratinocytes and fibroblasts were isolated and expanded from biopsies of mucosa from eight healthy volunteers. Ninety-six samples of RNHBM were prepared and exposed for 24 h to 17%, 42.5%, or 85% glycerol, or to distilled H 2 O (control). Sections were stained with haematoxylin and eosin (H&E) to evaluate epithelial thickness or used for immunohistochemistry to measure expression of Ki67 (proliferation), cleaved caspase-3 (apoptosis), and E-cadherin (tissue-integrity). Positive cells and cell layers, as detected by immunohistochemistry, were counted. Epithelial thickness, proliferation, and apoptosis were significantly increased by exposure to 42.5% and 85% glycerol. No significant differences in apoptosis or proliferation were found between controls and RNHBM exposed to 17% glycerol. E-cadherin expression was not significantly affected by exposure to any of the concentrations of glycerol tested. This study shows that glycerol affects tissue homeostasis, but not tissue integrity, of RNHBM at glycerol concentrations above 42.5%.
A majority of patients in palliative care have problems with dry mouth caused by medication, mental status, or as a direct result of the mortal condition (1, 2) . Dry mouth causes a variety of problems that commonly affect the disease negatively and contribute to reduced quality of life in the patient's last stage of life. Lack of saliva in severely ill patients often leads to infections of the mouth and throat, discomfort, pain, dysphagia, speech problems, and loss of appetite (3, 4) .
A large number of artificial saliva products are commercially available. In recent years, there has been increasing focus on saliva research, mainly based on products containing nanoparticles and stem cells (5) . So far, no one has succeeded in making artificial saliva that mimics the complexity of natural saliva (6, 7) .
Glycerol is a simple polyol compound. As a result of its chemical structure, it has a large number of different applications: as a sweetening agent; in cosmetics production; as a constituent of soap, candy, and antifreeze; and in the production of different medications. Glycerol is considered non-toxic and safe. The ability to attract water from its surroundings is the basis for its use as a humectant in moisturizers. The hygroscopic properties of glycerol depend on its dilution in water and on the relative humidity of the surrounding air, which is related to temperature (8) .
In Norway and many other countries, glycerol diluted in water in different concentrations, from 17% to the pure form of about 85%, is the most commonly applied oral moisturizer in palliative care patients (9) . Being cheap, easily available, and easy to apply, glycerol is used for the purpose of oral mucosa lubrication in many other countries, whereas in some countries, including USA, the Netherlands, Great Britain, and Singapore, glycerol applied as an oral moisturizer is not recommended because of its hygroscopic properties, which may cause desiccation (10) . The hygroscopic properties of glycerol are well known. Nevertheless, the literature is sparse when it comes to documenting the effect of glycerol at molecular and cellular levels. Its effects on oral mucosa have not yet been systematically investigated and documentation on its biological effects is currently lacking.
Oral epithelium is a stratified squamous epithelium consisting of cells tightly attached to each other and arranged in a number of distinct cell layers. Like epidermis and the lining of the gastrointestinal tract, its normal structure and function require a balance to be maintained between continuous cell loss at the epithelial surface and cell proliferation at the basal cell layer (homeostasis), as well as competent cell-to-cell adhesion (tissue integrity) (11, 12) . Among constituent structural molecules that assemble in order to ensure adequate epithelial cell-to-cell adhesion, cadherin/catenin-based anchoring junctions organize and tether microfilaments to maintain cell-adhesive properties (13, 14) . Both in vitro and in vivo studies have suggested E-cadherin as a key player in maintaining cell-to-cell adhesion and tissue integrity. The absence of E-cadherin leads to permeable tight junctions and to altered epithelial tissue integrity and resistance (15) . Blocking E-cadherin in vitro inhibits tight junctions in simple epithelia (16) , as does genetic loss of epidermal E-cadherin (17) .
The objective of this study was to investigate dosedependent effects of glycerol on homeostasis (cell proliferation and apoptosis) and tissue integrity (E-cadherin expression) of in vitro-reconstructed normal human buccal mucosa (RNHBM). In vitro-RNHBM was chosen as an experimental model because of its similarity to native normal human buccal mucosa (18, 19) . Reconstructed normal human buccal mucosa displays a well-differentiated stratified squamous epithelium expressing various markers of proliferation, differentiation, and apoptosis in a pattern similar to that of native buccal epithelium, mimicking closely its architecture and homeostasis (19) . Biopsies of 0.5 cm 2 enable the production (cultivation) of RNHBMs from which it possible to produce a large number of parallel tissue sections. These permit the study of the effects of reagents on tissue replicates derived from the same patient. Using these tissues, we were able to perform a standardized study, avoiding direct involvement of patients or experimental animals. The same kind of RNHBM samples have been used previously to study homeostasis and tissue integrity under the influence of khat (20) and sodium lauryl sulphate (SLS) (21) .
Material and methods

Tissue material from human donors
Eight biopsies of normal human mucosa with an approximate size of 0.5 cm 2 were obtained from superfluous buccal mucosa of patients undergoing surgical removal of a third molar (Fig. 1A) . The indication for this treatment was partially erupted teeth. Only young healthy adults with no subjective or clinical sign of local inflammation at the time of surgery were included. All patients gave informed consent for use of their tissue samples.
For immunohistochemistry and histomorphometry analyses, only RNHBM samples with a continuous epithelium consisting of at least five cell layers were included. Samples were placed in transport medium ( 
Primary cell isolation
The biopsy was cleaned with PBS (Gibco-BRL) and then washed twice with fresh transport medium. In order to separate epithelium from connective tissue, the tissues were transferred to dispase solution [20 mg of dispase (Gibco-BRL) in 7.5 ml of DMEM/2% antibiotics-antimycotics] and kept at 4°C for 24 h. The following day the two tissue layers (epithelium and connective tissue) could be separated easily. Primary buccal epithelial cells (keratinocytes; ) were isolated through a combination of enzymatic digestion (trypsin EDTA 9 10; Sigma) and mechanical separation of cells, and then cultured in keratinocyte serum-free medium (KSFM; Gibco-BRL) supplemented with 1 ng ml À1 of epidermal growth factor (EGF human recombinant; Gibco-BRL), 25 lg ml À1 of bovine pituitary extract (BPE; Gibco-BRL), 20 lg ml À1 of L-glutamine, and 1% AB/AM (100 U ml À1 of penicillin, 100 lg ml
À1
of streptomycin, and 0.25 lg ml À1 of amphotericin B; Gibco-BRL). Primary buccal connective tissue cells (fibroblasts; Fig. 1C 2 ) were isolated using an explant technique and cultured in DMEM supplemented with 10% fetal bovine serum (FBS; Sigma), 20 lg ml À1 of L-glutamine, and 1% AB/AM (100 U ml À1 of penicillin, 100 lg ml À1 of streptomycin, and 0.25 lg ml À1 of amphotericin B). All cells were used in their third to fourth passages (split ratio of 1:4), at a viability of more than 80%, kept in a humidified atmosphere at 37°C, and supplemented with 5% CO 2 .
Preparation of RNHBM samples
From each donor's biopsy, RNHBM samples were constructed when sufficient numbers of the two cell typesfibroblasts and keratinocytes -were achieved (Fig. 1D ). The connective tissue equivalent was first reconstructed by mixing 350,000 fibroblasts per ml of collagen matrix: a mixture of collagen type I (REF354236, 3.81 mg ml À1 , LOT5061002; NAME OF COMPANY, Corning, NY, USA), reconstitution buffer, pH 8.15 [2.2 g of sodium bicarbonate (NaHCO 3 ), 0.6 g of sodium hydroxide (NaOH), 4.766 g of HEPES, in 100 ml of deionized H 2 O (dH 2 O)], and DMEM (Sigma) (19) . A total of 400,000 keratinocytes in 1 ml of KSFM were seeded on top of each collagen matrix the following day, set as day 1. After 24 h, on day 2 of co-culture, the matrix, consisting of the two cell layers, was transferred to a metal grid placed in a well of a six-well plate (Fig. 1E ). Three millilitres of fresh organotypic medium (OT-FAD) -DMEM/HAM's F12: 3/1 with 0.4 lg ml À1 of hydrocortisone, 5 lg ml À1 of insulin, 20 lg ml À1 of transferrin, and 50 lg ml À1 of L-ascorbic acid (all from Sigma) -was added underneath the metal grid along with 700 ll of conditioned medium. Throughout the experiment, care was taken to protect the RNHBM samples from spill of the medium. The RNHBM samples were allowed to mature for 9 days. Within this period, 2 ml of the medium was changed every second day (Fig. 1F) . Emphasis was placed on acquiring enough cells to produce at least 12 RNHBM samples from each donor in order to obtain three samples for each of the three concentrations and the control. The number of RNHBM samples from each donor varied from 14 to 22. From all eight donors, a total of 134 RNHBM samples were cultivated. Of these RNHBM samples, 10 were either destroyed during cultivation or were not of satisfactory quality -six RNHBM samples turned upside down when lifted from the well-plate over to the grid and four RNHBM samples did not exhibit a sufficient number of keratinocytes. Hence, 124 RNHBM samples remained for further analyses. The RNHBM samples from each donor were allocated to one of the three concentrations or to dH 2 O as a control (Table 1) .
Exposure procedures to glycerol
On day 9 of co-culture (day 10 of culture and day 6 at the air-liquid interface), RNHBM samples were exposed to glycerol (batch no 17A121; Sanivo Pharma, Oslo, Norway) diluted in water to three different concentrations (Fig. 1G) . At that time, a full-thickness, well-maturated buccal epithelium was formed. Based on an exploratory study (9) clinically relevant concentrations of 17%, 42.5% and 85% were chosen for exposure of RNHBM samples. A two-step procedure was used to decrease the surface tension and to obtain a more even exposure of the tissue surface without allowing any glycerol to spill into the culture medium Table 1 Effect of exposure to water (control) and different glycerol concentrations on epithelial thickness, homeostasis (cell proliferation and apoptosis), and tissue integrity in in vitro reconstructed normal human buccal mucosa below. Initially, 60 ll of glycerol was placed on the RNHBM sample surface and sucked off. Immediately afterwards, a smaller volume (30 ll) of glycerol was applied, making a thin continuous film, and left on the tissue surface for 24 h. The same procedure was repeated for the controls, but with dH 2 O. Exposed cultures were harvested on day 10 of the co-culture and immediately transferred to 4% buffered formalin, dehydrated, and embedded in paraffin (Fig. 1H) . All experiments were run in parallel for the full range of glycerol concentrations and control (dH 2 O), and the process was repeated for the RNHBM samples from each donor. Humidity in the incubator was measured throughout the whole procedure (Wood's hygrometer p-cv8005 Termohygrometer, Guelph, ON, Canada) and maintained at 89%-95%. All RNHBM samples were kept at the same middle level in the incubator.
Evaluation of the 124 sections
When evaluating the 124 sections in a light microscope, it was considered that 28 RNHBM samples from two of the donors had not developed an adequate epithelial layer.
These samples were therefore excluded from further analyses. One section from each of the remaining 96 RNHBM samples was used for histomorphometry. Regarding immunohistochemistry, because of extremely resourcedemanding procedures, a randomized selection of three RNHBM samples from each donor/concentration was used. For technical reasons, only two controls were used from one donor ( Table 1 , Figs 1 and 2 ).
Immunohistochemistry
For immunohistochemistry, 5-lm-thick formalin-fixed, paraffin-embedded tissue sections were cut and deparaffinized in xylene, hydrated through a graded alcohol series, and then rehydrated in dH 2 O. For epitope retrieval, the tissue sections were microwave-treated in 10 mM citrate buffer, pH 6 (Dako, Glostrup, Denmark) or Tris/EDTA pH 9 (Dako) for 7 min at 950 W and then for 15 min at 350 W. After cooling for 20 min at room temperature, the specimens were incubated with primary antibodies in a humidified chamber at room temperature for 60 min. The markers used for cell proliferation, apoptosis, and tissue integrity 
Homeostasis (cell proliferation and apoptosis) and tissue integrity:
To calculate the ratio of proliferating cells, the number of Ki-67-positive cells was determined in the basal and suprabasal cell layers, under a light microscope at 400-fold magnification. The average percentage of positive cells per 1,000 lm was counted for the whole length of the section, apart from the outermost 500 lm of the section. The ratio between apoptotic cells and the number of cleaved caspase-3-positive cells was obtained following the same procedure as described for Ki-67. Epithelial cell layers with cells expressing E-cadherin were counted and compared with non-exposed controls. All measurements were made by the operator who was blinded to the exposure allocations.
Statistical analysis
Data are presented as mean and 95% CI. For comparison of the parameters across the different concentrations of glycerol, linear mixed effects models were applied. In these models, for each outcome, concentration was entered as a categorical fixed effect. Donor was included and controlled for in the model as a random effect accounting for the possible correlation between samples from the same donor. By including donor as a random effect, intraclass correlations (ICCs) for correlation of the measures from the same donor, for each of the parameters, can be calculated. An ICC close to 1 implies that samples from the same donor are highly correlated, while an ICC close to 0 implies that the samples can be considered as independent. The main results, based on the mixed models, were presented as estimated marginal mean values and mean differences, with 95% CI. All statistical analyses were performed using the statistical package STATA version 15 (Stata, College Station, TX, USA). Values of P <0.05 were considered statistically significant. A likelihood ratio test was used to test for homogeneity of the categories of the variable for each outcome.
Results
Histomorphometric evaluation of the epithelial compartment in reconstructed tissues
Control RNHBM (i.e. tissues exposed to dH 2 O only) displayed a well-differentiated, non-keratinized stratified squamous epithelium with an average epithelial thickness of 88.85 (95% CI: 81.57-96.14) lm. Exposure to 42.5% and 85% glycerol induced a significant increase in epithelial thickness (P < 0.001 and P < 0.001, respectively), whereas exposure to 17% glycerol induced a significant decrease in epithelial thickness (P < 0.001). No significant change in epithelial differentiation could be observed on H&E-stained sections at these higher glycerol concentrations. However, apoptotic bodies were frequently observed within the spinous cell layer at 42.5% and 85% glycerol, in contrast to tissues exposed to 17% glycerol and dH 2 O (control). The ICC for measures of epithelial thickness was 0.03 (Table 1, Fig. 3 ).
Distribution and quantification of cell proliferation (determined by measuring expression of Cell proliferation was most prominent along the basal cell layer and in the lower cell layers; and the superficial cell layers displayed no proliferation, either in controls or in exposed tissues. Exposure to the low concentration of glycerol (17%) did not induce significant changes in epithelial cell proliferation (as assessed by counting the number of Ki-67-positive cells per 1,000 lm; P = 0.30) when compared with controls. For the two higher concentrations of glycerol (42.5% and 85%), epithelial cell proliferation increased significantly (P = 0.008 and P = 0.027, respectively). The ICC for counts of Ki-67-positive cells was 0.52 (Table 1, Fig. 4 ).
Distribution and quantification of apoptosis (determined by measuring cleaved caspase-3)
The cleaved caspase-3 positively stained cells (apoptotic cells) were most frequent in the superficial cell layers in both control and exposed tissues. Exposure to the low concentration of glycerol (17%) did not induce a significant increase in the number of cleaved caspase-3 positively stained cells per 1,000 lm when compared with controls (P = 0.75). For the two higher concentrations of glycerol (42.5% and 85%), the number of apoptotic cells increased significantly (P = 0.020 and P = 0.001, respectively). The ICC for the counts of apoptotic cells was 0.23 (Table 1, Fig. 5 ).
Evaluation of tissue integrity (determined by measuring expression of E-cadherin)
The E-cadherin-positive cell layers formed a coherent belt from the basal cell layer to the stratum spinosum, both in controls and exposed tissues. Analysis of tissue integrity, evaluated as the relative number of E-cadherin-positive cell layers, showed a borderline significance (P = 0.047) between controls and tissues exposed to 17% glycerol. However, between controls and tissues exposed to glycerol at concentrations of 42.5% and 85%, there was no significant difference (P = 0.37 and P = 0.98, respectively). Test of homogeneity showed no overall statistically significant differences in the relative number of E-cadherin-positive cell layers (P = 0.16) between tissues exposed to the different glycerol concentrations. The ICC for the relative number of Ecadherin-positive cell layers was 0.28 (Table 1, Fig. 6 ).
Discussion
In the present study, we observed that glycerol concentrations of 42.5% and 85% induced an increase of apoptosis in RNHBM, which was visualized by immunohistochemistry using antibody detecting cleaved caspase-3. Cleaved caspase-3 was chosen as a marker for apoptotic cell death because it was shown in previous studies to be an easy, sensitive, and reliable method for detecting and quantifying apoptosis, compared with alternative methods such as the TdTmediated biotin-dUTP nick-end labelling (TUNEL) technique (22) . The fact that an increase in apoptosis of individual cells is observed with exposure to glycerol indicates a certain toxic effect of glycerol at higher concentrations. The count of Ki-67-positive cells per 1,000 lm showed an increase in cell proliferation at the same high concentrations, indicating that glycerol is able to trigger a tissue reaction. The stimulation of cell proliferation is most probably a consequence and a response of epithelial tissue to the increased apoptosis induced by glycerol at high concentrations, in an attempt to maintain tissue homeostasis. Epithelial tissues maintain their homeostasis by balancing the continuous cell loss from desquamation on the surface with proliferation of cells in the basal cell layer. Therefore, increased proliferation, as a result of increased cell loss, is actually a natural response of a healthy epithelium in order to maintain tissue homeostasis (23) .
Of concern in this study is the fact that the increase in cell proliferation was overbalancing apoptosis induced by exposure to glycerol, as indicated by the increase in epithelial thickness. For long-term exposure, one might argue that the use of high concentrations of glycerol could increase the risk of malignant transformation of the epithelium as it induces increased proliferation and thus increases the risk of accumulating DNA errors with each cellular replication. Nevertheless, the increased risk of glycerol exposure should be seen in a clinical context and with regard to the time perspective in palliative care patients. A possible effect of altered tissue integrity and changes in barrier function would have been more severe and more unfortunate with regard to penetration of pathogens. Such an effect does not seem to be present. This study shows that glycerol does not affect tissue differentiation or tissue integrity, as assessed by histological assessment of H&E-stained slides and immunostaining to visualize E-cadherin, a cell-to-cell adhesion molecule. The expression of E-cadherin was not changed by exposure to high concentrations of glycerol, indicating that the cell-to-cell contacts were not altered, indirectly suggesting a maintained barrier function. This is in contrast to the effects observed following exposure to SLS, in which E-cadherin expression was reduced and tissue integrity disrupted, as previously shown (21) .
Using the mixed effects model, reporting ICC, we have also demonstrated that there are differences in the correlation between samples for the different parameters reported in this study. For epithelial thickness, each sample can be considered to be independent, even if they come from a limited number of donors. However, proliferation samples from the same donor are clearly dependent, and this has to be taken into consideration when interpreting the statistical analyses.
The RNHBM model has been chosen for its advantages in mimicking the native tissue, as mentioned in the Introduction. However, the use of an in vitro model obviously has some limitations. One may question whether it is appropriate to use healthy gingiva from young people, as the palliative care patients on whom glycerol is applied as a moisturizer are sick and often old. However, it is important to point out that the patient's mucosa is most often not diseased or damaged, and destruction and infection come as a result of dryness. Using seriously ill patients as donors for the RNHBM model would have been difficult for practical, ethical, and sampling reasons. Most dying patients are older than the donors in this study, and may have a mild epithelial atrophy. Even considering this aspect, in a previous study, the thickness of the RNHBM was shown to be less than normal mucosa (19) . Another aspect that makes the RNHBM model appropriate is that its surface is dry and might therefore adequately replicate the mucosal surface of patients suffering from severe xerostomia. Formation of the salivary mucosal pellicle is provided by salivary mucins, probably mediated by hydrophobic interactions to the epithelial cell surface (24) . Terminally ill patients with xerostomia often have an almost completely dry mucosal surface, perhaps even with the absence of a salivary pellicle.
Glycerol absorbs moisture from the air, even if the amount of moisture present is very small (8) . As air humidity affects glycerol, emphasis was placed on controlling humidity in the incubator where the RNHBM samples were kept during maturation and exposure. The relative humidity in the incubator was 89%-95%, but dropped when opened. This is higher than the normal relative humidity, which is usually between 30% and 60%, and might have affected the glycerol concentrations to become slightly lower than the baseline concentrations.
Glycerol is one of the most commonly used raw materials applied in cosmetics. It adds moisture by attracting water from the deeper layers of the skin (25) . A similar system of water transport may be assumed when glycerol is applied to oral mucosa. In healthy persons, this would be of little consequence because of a continuous supply of liquid. In terminally ill patients, who are usually dehydrated (26) , it seems likely that the mucosa might then be further desiccated when high concentrations of glycerol are used. However, it is not known whether these patients manage to replace fluid extracted from the underlying mucosa.
In conclusion, this study has shown that exposure of RNHBM samples to glycerol at high concentrations (42.5% and above) causes increased epithelial cell proliferation and epithelial thickness, as well as increased apoptosis compared with controls. Tissue integrity shows a reduced number of E-cadherin-positive cell layers of borderline statistical significance in tissues exposed to the lowest concentration of glycerol (17%), but no difference compared with controls at higher concentrations. Overall, these findings indicate that the use of glycerol is not harmful after short-term exposure but might pose certain risks after long-term exposure.
